An apparatus has been constructed to measure the electrical conductivity of thin films of oxides in order to study the effects of adsorbed gases and reactions between them. This has been applied to the cuprous-cupric oxide system.
The study of the semi-conductivity of copper oxide has revealed its dependence on the stoichiometric excess or defect of one component. Pfund discovered as early as 1916 th at cuprous oxide showed semi-conductivity and photoconductivity, but it was not until 1930-2 th a t the part played by excess of oxygen in the con ductivity of cuprous oxide was appreciated. Von Auwers & Kerschbaum (1930) found a reduction in the semi-conductivity of copper oxide plates when these were heated in vacuo, and in the following year Le Blanc & Sachse (1931) , in a more systematic study, investigated the specific conductivity of compressed copper oxide powder with varying oxygen excess. They found a specific conductance in vacuo of 10~9 mho/cm. a t 20° C, which changed to 10_6mho/cm. when 0*1% oxygen was present. Dubar (1931) made similar observations with a slightly different technique, as also did von Waibel (1931) . Juse & Kurtschatow (1932) investigated the semi-conductivity of specimens obtained by the high-temperature oxidation of copper strip. They studied the effect of oxygen excess in the sample and the effect of an oxygen atmosphere, observing a very great increase in'specific conductance on exposing evacuated samples to oxygen. They also found th a t the specific conductivity of cuprous oxide with but 0-6 % cupric oxide was very little different from th a t of pure cupric oxide.
The investigation was continued in the work of Dunwald & Wagner (1933) , which was largely confined to high temperatures, and this enabled Wagner (1933) to develop a theoretical relationship between the semi-conductivity and oxygen excess. This was further advanced by Wagner & Hamman (1938) . In a further contribution Dubar (1938) differentiated between bulk and superficial conductivity. The adsorptions of oxygen, moist and dry air, and nitrogen were investigated, using thin strips of cuprous oxide, and a study was also made of the effect of superficial chemical treatm ent. He found th at adsorbed gases had greater influence on the superficial conductivity of the oxide than on the bulk conductivity.
In general, the experimental methods have been made on bulk oxides usually prepared by the high-temperature oxidation of copper strip, although in some cases compressed powders have been used. The normal method of measuring resistance has been by measurements of current with a secondary cell and galvano meter, but occasionally bridge measurements have been made. The ohmic nature of the resistance has usually been demonstrated over ranges varying from 0 to 10 V/cm. In the case of Juse & Kurtschakow's researches, quoted by Dubar, the range of measurements extended between 0 and 7000 V/cm.
The method of investigation now to be described is based on the measurement of the change in conductivity of an oxide due to the adsorption or desorption of various gases. The stationary state of conductivity obtained by prolonged heating in a vacuum of 10-7 mm. at a suitably selected temperature is taken as a datum line, and this is normally established between successive adsorptions. In the interpretation of the results it has been assumed th at for instantaneous or very rapid changes of conductivity occurring on the adsorption of a gas, the incremental change in conductivity is directly proportional to the amount of the adsorbed gas. The present application employs the property of semi-conductivity to obtain a qualitative picture of the processes of adsorption and catalytic reaction while these processes were being quantitatively followed by alternative methods.
General considerations concerning the adoption and development of a method for the investigation of the adsorption of gases based on changes in conductivity indicate, as a first essential, the necessity for the preparation of the catalyst as a film of uniform thickness between the conduction electrodes. The most satis factory method appears to be the condensation of metal vapour on a surface between the electrodes and the conversion of the metal film to the oxide. In order to prevent contamination of the oxide with mercury and grease, it is advisable to use greaseless high-vacuum systems. The properties of the metallic film are seriously affected by very small amounts of mercury. Suitable provision must be made for the introduction of gases, the measurement of pressures and very high speed pumping for desorption. The electrical considerations demand great versatility from the measuring instruments; to have a range of from 0-01 £1 to 1000 MH (to be measured at both d.c. and a.c.) and to be capable of very rapid operation. These requirements have been met by the employment of an electronic potentio meter and an a.c. bridge. Since the temperature coefficients of conductivity encountered in semi-conductors are very large, precise temperature control is essential, and this is achieved by the use of an electronic thermal regulator operated from an a.c. platinum resistance thermometer.
E x p e r i m e n t a l
Several forms of reaction vessel have been developed, the form in current use being described in figure 1. The conduction electrodes of pure platinum are fused into the inner surface of a hard glass cylinder, four electrodes being provided uniformly spaced and accurately calibrated. Conduction leads of heavy-gauge platinum wire are connected through the cylinder on to the electrodes and are led out of the top of the reaction tube through intermediate seals. The evaporation filament is supported separately, and the plated tungsten wire is mounted coaxially with the cylinder bearing the electrodes and is spring-loaded to maintain its position when heated. Special precautions are taken during the electroplating of the tungsten wire to maintain the uniformity of deposit and to ensure the maximum cohesion.
The reaction tube is a very close fit in the bore of the furnace, and is joined to the vacuum system with a wide-bore side tube 4 cm. in diameter a t the upper end. The tube is subjected to normal cleaning technique, and in addition a highfrequency discharge in low-pressure inert gas is operated during the evacuation and baking-out processes. This has been found to be essential to produce coherent evaporated films.
The reaction tube is protected by two liquid-oxygen traps from the mercury vapour present in the main reaction system, which is illustrated in figure 2. Largebore mercury cut-offs, diameter 2 cm., are used throughout. A calibrated expansion bulb and McLeod and Pirani gauges are included in the reaction system for adsorption and pressure measurements. The gases are introduced from a gas burette protected by a cut-off, or by silver or palladium thimbles, as appropriate. The pumping system, which is not illustrated, comprises two large-capacity glass mercury-vapour pumps working in tandem and capable of reducing the reaction system from 5 to 10~7 mm. in less than 15 sec.
The furnace unit is illustrated in figure 3 . The furnace block is of stainless steel 30 cm. in length, 12 cm. in diameter and with an axial bore of 4 cm. Six exponen tially wound heaters are hexagonally disposed on a radius of 3-5 cm., and these, together with a compensating end heater, achieve uniformity of temperature throughout the length of the furnace. The controlling platinum resistance therm o meter is located in a hole adjacent to the main bore. The furnace block has sub stantial thermal insulation and can be raised and lowered by a counterpoise system on vertical steel bars. Manual control is used to maintain the furnace approxi mately 2 |° C below the working temperature, while electronic control in the form of an a.c. bridge operating from the platinum resistance thermometer gives a precision of better than 0• 010 C a t all temperatures. Provision is also made for the investigation of the adsorption of gases in the presence of d.c. fields and a two-stage degenerative voltage regulated power supply has been developed, adjustable up to 500 V with a regulation of 1 part in 25,000.
Study of catalysis on copper oxide

Outline of method
The apparatus has been employed to study adsorption on a copper oxide film. The plating of a tungsten wire 0-25 mm. in diameter with a uniform coherent film of copper is performed by normal plating technique using a cylindrical anode with the tungsten wire at the axis and with air agitation of the solution. No difficulty is experienced in plating tungsten providing the wire is carefully cleaned after removal of the oxide by a.c. electrolysis in 10% caustic soda. The uniformly plated wire is then spot-welded on to the evaporation electrodes of the reaction tube and carefully tensioned and alined. The apparatus is evacuated and thoroughly degassed, after which the metal is evaporated between the conduction electrodes by controlled heating of the filament. Very slow evaporation rates are used, and the simultaneous appearance of the first transmission colour over the whole surface is taken as a preliminary indication of a uniform film. Estimations of the thickness of the film are obtained in a variety of ways. The electrical resistance is taken as a first method, and successive films are matched by evaporating to a definite resistance between electrodes. Other estimates are obtained from the amount of metal evaporated from the filament and the amount on the cylinder wrhen the apparatus is eventually cut down. These two estimates are made by normal analytical methods. Film thicknesses up to 2000 A are used, with the average thickness being about 1200 A. Films thicker than this tend to strip under sub sequent treatment.
The oxidation of the film is carried out with pure oxygen. The oxidation process is followed by pressure and resistance measurements. In some cases the oxidation is stopped at a predetermined point, whereas in other cases the film is completely oxidized, then reduced with hydrogen and reoxidized to the appropriate con dition. The latter treatm ent activates the film of copper and increases the changes in conductivity obtained on adsorbing gases on the surface. The resistance is followed by both d.c. and a.c. measurements, and these afford a check on the uniformity of the film, since non-uniform films act as barrier cells and give varying values for the d.c., reversed d.c. and a.c. resistances. The copper oxide film in the semi-conducting state, which lies stoichiometrically between CuO and Cu20 , is subjected to prolonged evacuation at 200° C at 10-7 mm. This establishes a constant stationary state, which is used as a datum line. The temperature coefficient of this value can be determined under conditions of hard vacuum . The adsorption of gases is now carried out at selected temperatures, the film being normally returned to its reference condition between adsorptions by prolonged evacuation at the reference temperature. This occurs readily in the case of oxygen and hydrogen, but carbon monoxide a t the higher temperatures causes some deactivation of the film. Temperature coefficients for the change in con ductivity on adsorption of various gases can be determined and the rates of de sorption obtained against a vacuum of 10~7 mm. The amounts of gas adsorbed and changes in pressure are recorded.
Study of catalysis on copper oxide
Owing to technical difficulties the measurement of amounts of adsorption was introduced only towards the end of the series of experiments on copper oxide and relatively few values were obtained. In outline, the method adopted for these measurements entails the calibration of the apparent volume of the reaction system, using an inert gas for various temperatures of the reaction tube and for pressures ranging from 10-7 to 5 mm. Subsequently, by using calibrated expansion volumes (in addition to the normal gas burette) adsorption measurements can be made to 0-0001 ml. with satisfactory accuracy. I t has not been possible to determine the effective area and roughness factor, the normal Brunauer, Em m ett & Teller (1938) method being impracticable on such small superficial areas. The roughness factor of about 10 times has, however, been estimated in the preceding paper by interference methods for an oxide film formed on metallic copper.
Reactions between gases are investigated in a similar manner to simple adsorp tions, using the characteristic increments obtained from the adsorption of the components as reference levels. This method is described in the preceding paper by Garner, Gray & Stone in relation to the reaction between carbon monoxide and oxygen over copper oxide catalyst, where it is possible to show th a t the reaction occurs on a surface saturated with carbon monoxide.
